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Here, we aim to assess the current modelling and experimental achievements in the design for additive manufacturing of
bonded joints, providing a summary of the current state of the art. To limit its scope, the document is focused only on
polymeric additive manufacturing processes. As a result, this work contains a structured collection of the tailoring methods
adopted for additively manufactured adherends and adhesives with the aim of maximizing bonded joint performance.
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| 1. Introduction

The industrial interest in additive manufacturing (AM) has been a driving factor behind the development of modern 3D
printer machines [ and their novel features, such as multi material AM (MMAM) simultaneous processing . This interest
has led to increased process standardization B! besides the adoption of new design approaches for additive
manufacturing (DfAM) ¥, and new materials. DFAM urges us to rethink component design by taking in account both the
specific constraints and new opportunities created by the AM processes. Many studies have analyzed these constraints,
demonstrating how positioning for printability, printing parameters and printing set ups can affect the surface finishing,
geometrical accuracy and the mechanical properties of the resultant components IR,

As the knowledge in DfAM increases, so too does the potential of additive manufacturing (AM). Although still limited by a
relatively modest production rate, if compared to traditional manufacturing processes, AM finds practical use in the
production of highly optimized components of limited size to be assembled in larger structures €. Moreover, this approach
addresses the exponential relationship between building volume and printer cost and allows us to improve productivity
using several 3D printers working in parallel, avoiding complete stoppages of production during maintenance . However,
the design approach that focuses on splitting the components in order to overcome current AM processes limitations
introduced above, requires the use of an effective joining procedure to create a larger final product from the smaller
subassemblies.

One of the earliest works on joining AM components was carried out by Espalin et al. 19, in which the authors identified
the techniques suitable for assembling polymeric AM components, which include ultrasonic spot welding, hot air welding,
solvent joining and adhesive joining, and another was carried out by Arenas et al. 111, in which a method was proposed to
select structural adhesives for AM.

Subsequent studies explored joint performance improvements using AM as a joining tool, the AddJoining process [1213]
with or without co-curing, and a voxel-oriented design 24! approach. A hybrid approach combining the first two solutions
was also considered. The AddJoining process consists in 3D printing the substrates and the joint simultaneously, using
the structure as the build plate. The voxel-oriented design approach consists in exploring the local material control
conferred by AM with previously acquired know-how on adhesive bonding 22! to develop new joint design solutions.

| 2. Joint Design Strategies for Additive Manufacturing

The process of optimizing the design of bonded joints can be briefly described as maximizing the load carrying capacity of
assembled components in order to withstand higher service loads. Initially, joint design strategies were based on selecting
materials with better material properties and on maximizing the bonding area. Later, with the growing need for developing
lightweight structures, the investigations on the physics of the adhesion and the advances in modelling techniques
enabled the development of alternative joint design strategies 8. These design strategies are based on a better
understanding of stresses acting on the adhesive layer, on the adhesive and of the effect of adherends material
properties. This knowledge is implemented in novel geometrical configurations in order to lower peel and cleavage
stresses 4. Even if the overall joint design is a compromise between an optimal geometrical configuration and



constraints on components sizes, more localized solutions can be implemented in order to change the stress distribution
in the bondline. Adhesive stiffness is a major factor that affects the stress distribution along the overlap 18, thus a locally
modified adhesive 12 can improve the strain tolerance of the joint and delay failure. Another option to improve the stress
distribution in the adhesive can be to locally modify the adherend geometry 29 achieved; for example, by tapering the
adherends at the overlap ends to lower the stiffness, and thus stress in these critical locations. Another approach that can
be used to improve the level of adhesion 2 is the use of chemical or mechanical treatments, to modify the bonding
surfaces. All of these design concepts can be taken to an extreme by exploiting the material properties and geometrical
AM controlled at the voxel resolution 4. In this section, the use of AM to improve joint design is discussed in detail,
sorting the works as detailed in Figure 1.
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Figure 1. Macro sorting of the design strategies for additive manufacturing (AM) bonded joints.
2.1. Material Tailoring

Material tailoring as design strategy is the use of AM to locally change the material properties in the joint. This approach
can be implemented by simultaneous deposition of different materials, for example with MMAM & in order to obtain
functionally graded adherends and adhesives. This is a design concept that has already been investigated for other
manufacturing processes 1922 Another option can be using AM to create complex structures in the thickness direction,
such as a lattice, cellular or auxetic structures, which will guide the deformation under load of the joint and affect the
modulus by introducing controlled porosity ( Eigure 2).

(™

ulti material additive manufacturing

Material ]
deposition J

Figure 2. Voxel oriented material deposition design strategies for AM bonded joints.



2.2. Overlap Geometry Tailoring

The aim of the overlap tailoring is to improve the performance of adhesive bonded joints performance with an optimized
geometrical design of the adherend in the overlap area. The approaches presented here were often originally proposed
for laminate materials 24231 which have many similarities to AM processed components, such as a layering effect and an
anisotropic behavior under load [24],

The AM design strategies to increase the bonding area or to modify surface properties are shown in Figure 3. At macro-
scale, adherend modifications can be achieved by including features such as pins or wavy interfaces. At micro-scale, AM
process parameters, such as layer height or nozzle temperatures, can be used to finely modify surface properties, leading
to changes in the morphology. Some surface modifications suitable for industrial contexts were also investigated.
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Figure 3. AM design strategies for tailoring the adherend at surface overlap.

| 3. Overview

Different design strategies have been investigated to take advantage of the beneficial effect of voxel size control provided
by additive manufacturing on the geometry and material properties.q

Most of the works focused on additively manufactured adherend tailoring. Kumar et al. 251281 and Khan et al. [24[281[29] j
their works modelled the stress distributions of joints using functionally graded materials achieved with digital materials
and Ubaid et al. B9 experimentally assessed load carrying and toughness improvements due to a modified strain field
distribution in the bondline using single lap joints and digital image correlation.

Other authors focused on the so-called geometrical-complexity-for-free provided by additive manufacturing processes and
used tailoring of adherends at the bonding interface and in the thickness. The first approach is used to create the desired
pattern able to provide mechanical interlocking and increase the area at the interface between adherend and adhesive.
Several authors BUB2I33134] ysed geometrical patterns indented in the adherend thickness to maximize the overlap area,
while others [25I35] ysed patterns protruded in the bondline to seek mechanical interlocking and to alter the strain
distribution in the adhesive.

The second approach draws inspiration from organisms that show high adhesion and toughness. Using a fracture
mechanics-based approach, several authors B8IB7IE8IEY developed through the thickness structures able to delay crack
propagation and the failure of the joints.

The results of these works provided the first quantification of the effects of tailored additively manufactured adherends and
highlighted the advantages and disadvantages of this design approach. Major limitations are due to the minimum size of
the printable features, inherent to a given additive manufacturing process specifications, and the effect of the tailoring on



the adherend stiffness. Indeed, an unsuccessful tailoring procedure can increase the susceptibility to bending, leading to
increased peel stress in the bondline and causing failure at loads lower than that of a non-tailored joint configuration.

New developments in additive manufacturing processes, such as the multi material additive manufacturing and the use of
new materials, are enabling different design solutions, such as the creation of functionally graded adherends or
embedded sensors, although they urgently require the development of new testing methods and standards to address the
resultant complex material response. Available results indicate that this approach can improve joints' performance,
although it is still common for joints manufactured using additive manufacturing technology to fail predominantly by
adhesive failure, pointing out that further performance improvements can be achieved by improving the quality of surface
treatments and material compatibility.

A possible solution for these limitations could be the combination of several different design approaches for the
manufacture of the adherends or the use of surface modifications. Some of the studies applied surface modifications
which are already in industrial use [4A[1E2]43] \yhijle others [R32134]44]145[46] explored how the printing parameters affect
the physical and the mechanical properties of the polymeric adherends. Plasma treatment was assessed as the most
effective surface modification for this purpose as it is suitable for use in hollow structures and has the potential of being
process integrated. For example, an FFF printer can include a plasma torch on the nozzle. On the other hand, while
tailoring the printing parameters does not require any additional equipment or post processing, it can be a highly complex
process, as the interaction between different parameters can lead to unexpected and undesirable results.

Some authors explored the feasibility of using additive manufacturing to tailor the bondline by controlling the adhesive
composition or shape HZ48I495051] The main benefits of this approach are the compatibility with non-additively
manufactured adherends and the improved joint quality, as the adhesive layer is relatively free from porosities and
possesses high geometrical accuracy and reproducibility. Such local control has the potential to enable the manufacturing
of true functionally graded adhesives by controlling adhesives' composition, adhesives' mixing, or the dispersion of
reinforcements in the adhesives. This concept has been successfully demonstrated in laboratorial settings, but no
commercial solution is available at the time of writing this document.

Finally, tailoring additively manufactured adherends and adhesives, following a design for additive manufacturing
approach, has proven to be an extremely useful, yet relatively unexplored, solution to improve the performance of
adhesively bonded joints. While many researchers have laid the foundations for more extensive use of additive
manufacturing in conjunction with adhesive bonding, additional research is still required to enhance manufacturing
reliability and repeatability. Another important conclusion of this work is that aspects related to the degradation and long-
term durability of polymeric additively manufactured bonded joints are relatively unstudied. This represents a topic of great
interest for industrial applications and must certainly be an important subject of research in the coming years.
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